Psoriasis is a chronic skin disease associated with deregulated activation of immune cells and keratinocytes. In this study, we used the imiquimod (IMQ)-induced mouse model of psoriasis to dissect better the contribution of hematopoietic and skin-resident stromal cells to psoriasis development. report that MyD88 signaling in monocytes and Mf, but not in neutrophils, plays an important role in disease propagation and exacerbation by modulating their ability to sustain gd T cell effector functions via IL-1b and IL-23 production. Overall, these findings add new insights into the specific contribution of skin-resident stromal vs. hematopoietic cells to disease initiation and progression in the IMQ-induced mouse model of psoriasis and uncover a potential novel pathogenic role for monocytes/ Mf to psoriasis development.
Introduction
Psoriasis is a common, chronic autoimmune skin disease, whose multifactorial pathogenesis is thought to result from a combination of genetic, environmental, and immunologic factors [1] [2] [3] . Recent progress in the field has revealed that dysregulated interaction between immune cells (particularly T cells and DCs [1, 4, 5] ) and keratinocytes is crucial in driving inflammatory processes involved in the development and maintenance of the disease [1, [6] [7] [8] . By contrast, although innate immune cells, including neutrophils, monocytes, and Mf, have also been shown to infiltrate the psoriatic plaques and to display abnormal functions in psoriatic patients, their role in disease pathogenesis has been poorly investigated [1, 7, 9] .
The IMQ-induced mouse model of psoriasis, which consists of the topical administration of Aldara cream [containing the TLR7/8 ligand IMQ (5%); Meda AB, Solna, Sweden] to the ear or shaved back of mice, is currently used broadly to elucidate pathogenic mechanisms involved in psoriasis development, as well as to evaluate possible new therapies for this disease [10] [11] [12] . Repeated applications of IMQ-containing cream rapidly induce skin inflammation in mice with remarkable pathologic and histologic resemblance to human psoriasis, including the development of skin erythema and scaling, epidermal thickening (acanthosis), altered keratinocyte differentiation, neoangiogenesis, and skin infiltration of immune cells [10] . Interestingly, the involvement of a deregulated IL-23/IL-17 axis and the overproduction of other inflammatory cytokines, such as IL-1, IL-36, and IL-22, which are known to trigger pivotal pathogenic pathways involved in human psoriasis, appear to be mirrored in the IMQ-induced psoriasis [10, 11, [13] [14] [15] [16] [17] [18] . Among the cellular mediators, the crucial role of DCs and T cells (mostly gd T cells) in the development of IMQ-induced psoriasis has been elegantly demonstrated in several recent papers [13, 16, [19] [20] [21] [22] . By contrast, B cell-derived IL-10 has been suggested to play a protective role in the same model [23, 24] . In terms of mechanisms of action, IMQ-induced psoriasiform skin inflammation primarily involves TLR7-and MyD88-dependent signaling [10] , even though a contribution of MyD88-independent mechanisms (e.g., inflammasome activation by the vehicle) to this disease model has also been reported [25] . However, the specific contribution of MyD88 signaling in skin-resident stromal cells vs. hematopoietic cells to the development of IMQ-induced psoriasiform skin inflammation has been poorly investigated. Among hematopoietic cells, 2 studies have investigated the role of MyD88 signaling in DCs in this model [20, 26] but not in other myeloid cell types, such as neutrophils and monocytes/Mf. Herein, to investigate better the role of MyD88 signaling in skin-resident stromal cells vs. hematopoietic cells and, in particular, myeloid cells, we took advantage of a recent mouse model in which specific ablation of the mouse Myd88 gene in certain cell types can be engineered using Cre-lox technology [27] . Specifically, we compared the development of IMQinduced psoriasiform skin inflammation in Myd88 2/2 mice with mice carrying the conditional (floxed) Myd88 allele, crossed with mice that express Cre in all hematopoietic cells (Vav-cre mice) or in distinct lineages of myeloid cells (MRP8-cre mice or LysM-cre mice) [28] . Our results provide novel insights into the role of MyD88 signaling in hematopoietic cells, with a particular focus on innate myeloid cells, to psoriasis development. MRP8-cre + mice were described previously [27] [28] [29] [30] [31] . Myd88 2/2 mice were a gift from Francesca Granucci (Universita Di Milano-Bicocca, Milan, Italy). C57BL/6 mice and Ccr2 2/2 were purchased from The Jackson Laboratory (Bar Harbor, ME, USA , and C57BL/6) showed similar results, data from these groups were pooled and defined as the "control group." All mice used in this study were back crossed at least 9 generations onto the C57BL/6 background and cohoused in a specific pathogen-free facility. All mouse experiments were carried out in accordance with guidelines prescribed by the Ethics Committee for the use of laboratory animals for research purposes at the University of Verona and by the Italian Ministry of Health.
MATERIALS AND METHODS

Mice
IMQ-induced psoriasis model
For induction of psoriasis-like skin inflammation, mice at 8-12 wk of age received a daily topical dose of 62.5 mg commercially available IMQ cream (5%; Aldara cream, Meda AB) or control cream (Vaseline) on their shaved backs for 6 consecutive d, as described previously [10] . On the seventh day, back skin was isolated, and ½ was fixed in 10% formaldehyde for histopathology analysis, whereas the other ½ was finely chopped and stored in RNAlater (Thermo Fisher Scientific, Waltham, MA, USA) for qRT-PCR or digested to achieve single-cell suspensions for flow cytometry analysis (see Supplemental information, Extended Methods).
Skin histology and IHC
Dorsal skin samples (3 mm) were obtained by a transversal cut of the central skin area, fixed in 10% neutral-buffered formalin, embedded in paraffin blocks, cut into a 4 mm-thick cross-section, and stained with H&E by using a tissue stainer TST 44C (Medite, Burgdorf, Germany). Epidermal thickness for each mouse was determined by measuring the interfollicular distance in 6 random fields per 1 skin section per mouse in a blinded manner. The mean thickness was then calculated. For CD45 and K16 immunohistochemical staining, 4 mm formalin-fixed, paraffin-embedded tissue sections were stained after appropriate antigen retrieval with rat anti-mouse CD45 (30-F11; BD Biosciences, San Jose, CA, USA) or KRT16 (R20-S; Abnova, Taipei City, Taiwan), followed by rat-on-mouse polymer HRP-linked (Biocare Medical, Pacheco, CA, USA) or Dako EnVision rabbit HRP-linked (Agilent Technologies, Santa Clara, CA, USA). Slides were developed by diaminobenzidine and then counterstained with hematoxylin. Slides were photographed using the DP73 Olympus digital camera mounted on an Olympus BX60 microscope and resized using Adobe Photoshop.
Isolation of peritoneal monocytes/Mf, neutrophils, and splenic DCs
Peritoneal exudates were recovered 16 h after i.p. injection of Bio-Gel P Polyacrylamide Beads (Bio-Rad Laboratories, Hercules, CA, USA). Single-cell suspensions of peritoneal exudates or spleen were incubated with anti-CD45, antiCD11b, anti-Ly6G, anti-MHCII, and anti-CD11c mAb, as described in the flow cytometry section (see Supplemental information, Extended Methods /ml) and neutrophils were suspended at 2 3 10 6 /ml or 5 3 10 6 /ml, respectively, in RPMI-1640 medium, supplemented with 10% FBS, 1% ultraglutamine, and 1% penicillin/streptomycin (BioWhittaker, Lonza, Walkersville, MD, USA) and cultured (at 37°C, 5% CO 2 ), with or without 25 mM IMQ (InvivoGen, San Diego, CA, USA) or 10 mg/ml Pam3CSK4 (InvivoGen), for 16 h. Supernatants were then harvested for measurement of IL-23, IL-1b, ΤΝF-a, and CXCL2 by using specific ELISA kits (R&D Systems, Bio-Techne, Minneapolis, MN, USA, or eBioscience, San Diego, CA, USA).
Proliferation and IL-17A production by gd T cells 
Statistical analysis
Data were expressed as the means 6 SD and analyzed using GraphPad Prism Version 5 software (GraphPad Software, La Jolla, CA, USA). The comparison 
RESULTS
MyD88 expression in hematopoietic cells is crucial for the progression but not the initiation of skin inflammation and epidermal thickening in IMQ-induced psoriasis
To investigate the specific contribution of MyD88-dependent signaling pathways occurring in hematopoietic cells to the development of psoriasis-like skin lesions in response to topical IMQ treatment (Aldara), we compared disease development in Myd88 fl/fl Vav-cre + mice vs. Myd88 2/2 mice and control mice. As control for Aldara, we used Vaseline treatment [10] . As there was no difference between Vaseline-treated control and Myd88-deficient mouse strains, we pooled together these 2 groups of data in a single reference group throughout the manuscript. By contrast, we found that all mouse strains developed an increase of epidermal thickening compared with Vaseline-treated mice, within 3 d of IMQ treatment (Fig. 1A) . Interestingly, we observed only a mild reduction of epidermal thickening in both Myd88
fl/fl
Vav-cre + and Myd88 2/2 mice compared with IMQ-treated control strains at these initial stages of disease development (Fig. 1A) . However, both Myd88
Vav-cre + and Myd88 2/2 mice similarly failed to develop the progressive increase in epidermal thickening observed in control mice upon consecutive IMQ treatments (up to 6 d; Fig. 1A and B) . Accordingly, the expression of K16 (a marker often used, proving a keratinocyte hyperproliferation in psoriasis) was reduced in both Myd88
Vav-cre + and Myd88 2/2 mice after 6 d of IMQ treatment, as revealed by IHC staining (Fig. 1C) . Furthermore, in the skin of IMQ-treated, but not Vaseline-treated, control mice, there was a strong infiltration of CD45 + cells, as revealed by both flow cytometry ( Fig. 1D and Supplemental Fig. 2A ) and IHC (Fig. 1E) . A more detailed characterization of the CD45 + infiltrate revealed that compared with Vaseline-treated mice, in the skin of control mice, there were increased CD11b + cells, which included neutrophils (Fig. 2) . We also observed a strong increase of dermal gd TCR low T cells, which are the main pathologic gd T cell subset implicated in this model [19, 32] but only after 6 d of IMQ treatment ( Fig. 2 and Supplemental Fig. 2D ). ab TCR + T Cells and DCs (CD11c +/high MHCII high , which included all of the main pathologic DC subsets described in this model, such as Langerin + , conventional, and infiltrating monocyte-derived DCs [20] [21] [22] 32] ) also infiltrated the skin of IMQ-treated control mice, although to a lower extent ( Fig. 2 and Supplemental Fig. 2E and F) We next performed a gene-expression analysis, using qRT-PCR on inflammatory skin samples, for a number of inflammatory cytokines, chemokines, AMPs (or alarmins), and other inflammatory molecules whose expression has been described to be up-regulated in the skin of IMQ-treated mice. Consistent with the initial increase of epidermal thickening, the expression of K16 and IL-1a and IL-36a and cathelicidin (CRAMP) was not significantly reduced in Myd88 fl/fl Vav-cre + or Myd88 2/2 mice compared with IMQ-treated control mice after 3 d of IMQ treatment (Fig. 3) . However, the expression of these molecules was reduced significantly in Myd88 fl/fl Vav-cre + and Myd88 2/2 mice after 6 d of IMQ treatment (Fig. 3) . Furthermore, the expression of several other skin-associated psoriatic genes, such as S100A7/psoriasin and Lcn2 [33] , as well as of IL-17A, Fig. 3A and B) , as well as of DCs (whose activation status was assessed by measuring the up-regulation of MHCII expression; Supplemental Fig. 3C ), which were, however, completely absent in both Myd88
Vav-cre + and Myd88 2/2 mice (Fig. 4A-C) . Interestingly, there was also a strong expansion and activation of CD11b + myeloid cell populations in the draining lymph nodes of control mice, including neutrophils and monocytes (whose activation status was assessed by verifying the number of CD62L low/2 cells; Supplemental Fig. 3D and E) , as well as Mf (whose activation status was assessed by measuring their upregulation of CD86 expression; Supplemental Fig. 3F and Fig.  4D-F) . Similarly to what was observed in the skin, ;35% of the expanded monocytes were Ly6C high inflammatory monocytes (Supplemental Fig. 3E) . Importantly, the expansion and activation of these CD11b + myeloid cell populations were absent in both
Myd88
fl/fl
Vav-cre + and Myd88 2/2 mice after both 3 and 6 d after IMQ treatment ( Figure 4D-F) . Overall, data demonstrate that the development of systemic immune cell expansion and activation in the IMQ-induced 4B ). In addition, measurement of MyD88 mRNA levels in purified cells confirmed that ;80% of the Myd88 fl/fl allele was deleted in neutrophils, whereas no significant deletion was evident in monocytes/Mf or DCs (Supplemental Fig. 4C ). Finally, we found that CXCL2 and/ or TNF-a production by Pam3CSK4-stimulated neutrophils (Supplemental Fig. 4D ) but not monocytes/Mf (Supplemental Fig. 4D and E) or DCs (Supplemental Fig. 4E LysM-cre + and control mice in response to IMQ treatment could be attributed to the specific contribution of MyD88-dependent signaling in monocyte/Mf. Intracellular detection of MyD88 by flow cytometry proved the specificity of the deletion of the MyD88 fl/fl allele in neutrophils and monocytes/Mf by Cre recombination under the control of the LysM promoter (Supplemental Fig. 5A ). The efficiency of LysM-cre-mediated deletion of the Myd88 fl/fl allele in neutrophils and monocytes/ Mf compared with DCs was calculated by measuring MyD88 mRNA levels in purified cells (Supplemental Fig. 5B ). We found that whereas .65% of the Myd88 fl/fl allele was deleted in both neutrophils and monocytes/Mf, no significant deletion was observed in DCs (Supplemental Fig. 5B ). We also ascertained that CXCL2 and/or TNF-a production was impaired in Pam3CSK4-stimulated neutrophils and monocytes/Mf (Supplemental Fig. 5C and D) but normal in Pam3CSK4-stimulated DCs (Supplemental Fig. 5D ). Consistent with the data obtained with Myd88 fl/fl Vav-cre + and Myd88 2/2 mice (Fig. 1A) , a mild but still significant reduction in epidermal thickening ( Fig. 5C and D) and K16 expression (Fig. 5E ) was observed only after 6 d of IMQ treatment in Myd88 fl/fl LysM-cre + mice compared with control mice, accompanied, however, by a strong reduction of CD45 + cell infiltration in the skin that was more evident after 6 rather than 3 d of IMQ treatment ( Fig. 5F and G) . A detailed flow cytometry analysis of total skin cells revealed that among the CD45 + cell types infiltrating the skin of Myd88 fl/fl LysM-cre + mice, there was a selective reduction of only monocytes/Mf (already evident after 3 d of IMQ treatment) and dermal gd TCR low T cells (Fig. 6) but not of neutrophils, ab T cells, and DCs at any of the time point tested (Fig. 6) . qRT-PCR analysis of the skin revealed that in line with the data on the epidermal thickening (Fig. 5C) , the mRNA expression of several AMPs, psoriatic genes, and cytokines was reduced significantly only after 6 d of IMQ treatment (Fig. 7) . However, the expression of IL-1a and IL-36a, whose production is mostly sustained by skin-resident stromal cells and DCs [16, 25] , was not reduced significantly in Myd88 fl/fl LysM-cre + mice after 3 or 6 d of IMQ treatment (Fig. 7) . Notably, a similar specific reduction in the expansion and activation of gd T cells and monocytes/Mf was also observed in the draining lymph nodes of Myd88 fl/fl LysM-cre + mice after 6 d of IMQ treatment (Fig. 8) . In the latter tissues of Myd88 fl/fl LysM-cre + mice, we also observed a significantly reduced expression (Fig. 9A) and/or production ( Fig. 9B and C) of IL-17A and IL-22 by gd T cells compared with that occurring in control mice after 6 d of IMQ treatment. Finally, as controversial data exist on the role of Ly6C high inflammatory monocytes in the IMQ-induced model of psoriasis [22, 38] , we decided to test disease development in Ccr2 2/2 mice under our experimental conditions. As shown in Supplemental Fig. 5E and F, we found no differences between IMQ-treated Ccr2 2/2 mice and control mice, therefore, excluding a specific role of Ly6C high inflammatory monocytes in this psoriasis model.
Altogether, data suggest that MyD88 signaling pathways, occurring in monocytes/Mf but not neutrophils, contribute to the sustainment and exacerbation of skin and systemic inflammation occurring in the IMQ-induced mouse model of psoriasis.
IMQ-activated monocytes/Mf sustain the proliferation of and IL-17A production by gd T cells via MyD88-dependent production of IL-1b and IL-23
Based on previous findings [13] , highlighting their crucial role of IL-23 and IL-1b in sustaining the proliferation and IL-17A production by gd T cells under inflammatory conditions, we tested whether an altered production of these cytokines by whereas very low amounts of IL-1b and IL-23 were present in the culture supernatants of resting cells, they increased significantly upon monocytes/Mf stimulation with IMQ in a MyD88-dependent manner (Fig. 10A) . No IL-1b and IL-23 production was instead observed in IMQ-stimulated peritoneal neutrophils (Fig. 10A) . gd T Cells isolated from the spleen and lymph nodes of control mice (Supplemental Fig. 1B) confirmed, as demonstrated previously, their ability to proliferate and produce IL-17A in response to anti-CD3/CD28 antibodies in a manner strongly enhanced by the presence of 100 ng/ml IL-23 and 10 ng/ml IL-1b (Fig. 10B and C,  left) . This effect was abrogated completely in the presence of neutralizing, but not isotype control, mAb toward these cytokines ( Fig. 10B and C, left) [unpublished results]. Neither increased proliferation nor IL-17 production was observed in CD3/CD28-stimulated ab T cells treated with IL-23 and IL-1b (Fig. 10B and C,  left) . Thus, we cultured CD3/CD28-incubated gd T cells with supernatants from IMQ-treated control or monocytes/Mf, enhanced the proliferation and IL-17A production by CD3/CD28-stimulated gd T cells (Fig. 10B and C,  right) . The latter function was partially reversed by the addition of anti-IL-23 or anti-IL-1b antibodies added alone (with anti-IL1b antibodies more effective) but was completely reverted only when the 2 neutralizing antibodies were added together ( 
DISCUSSION
It is widely recognized that complex interactions between keratinocytes and immune cells contribute to psoriasis pathogenesis [1] [2] [3] 39] , as also emerging from the IMQ-induced mouse model of acute skin inflammation [11, 12] . Despite the number of publications that have focused on the pathologic mechanisms at the basis of the IMQ-induced skin inflammation, confused data still exist on the specific contribution of MyD88-dependent vs. MyD88-independent pathways activated during the disease. In this study, we found that mice carrying either Myd88 2/2 or Myd88 fl/fl Vav-cre + both develop some degree of epidermal thickening during the initial stages of IMQ-induced psoriasis, even in the complete absence of immune cell activation and skin infiltration. Therefore, these observations would suggest a contribution of MyD88-independent mechanisms to the initial keratinocyte hyperproliferation, likely occurring in skin-resident stromal cells. However, MyD88 signaling in hematopoietic is required to sustain immune cell activation and the full development of skin and systemic inflammation responsible for the progressive epidermal thickening observed in response to consecutive topical IMQ application. In particular, we found that MyD88 signaling occurring in monocytes/Mf but not in neutrophils may contribute to the progressive development of skin inflammation, which involves inflammatory cell infiltration and cytokine/psoriatic gene overexpression more than epidermal thickening. Such an effect seems to be mediated by the ability of IMQ-stimulated monocytes/Mf to sustain the functions of gd T cells (key effector components of psoriatic inflammation) via MyD88-dependent IL-23 and IL-1b production. Few studies have investigated the role of TRL7-and MyD88-dependent signaling in IMQ-induced psoriasis [15, 25, 40] . Surprisingly, whereas skin and systemic inflammation were reported to be abolished completely in TLR7 Rabeony et al. [15] and Walter et al. [25] . In our hands, the expression of these cytokines perfectly correlated with the enhanced expression of K16-a marker of keratinocyte proliferation-observed in both Myd88 2/2 strains up to the first 3 d of IMQ treatment. Therefore, we would envision that the initial epidermal thickening, observed in response to IMQ treatment in both Myd88 fl/fl Vav-cre + and Myd88 2/2 mice, is likely caused by the MyD88-independent IL-1a and IL-36a production by skinresident stromal cells, occurring even in the absence of immune cell activation. It remains to be clarified, however, which are the mechanisms responsible for this rapid MyD88-independent IL-1a and IL-36a production by skin-resident stromal cells. A role for TRL7-independent IMQ induction of both keratinocyte activation and cytokine production [41, 42] , including that of TNF-a, which triggers IL-36a production by keratinocytes [43] , might not be excluded. Overall, these observations might also explain why, for example, mice deficient for cytokines that are crucial for disease progression and are directly produced in a MyD88-dependent manner by hematopoietic cells in response to IMQ treatment, such as, for example, IL-23, are only partially protected from epidermal thickening, despite the strong impairment observed in hematopoietic cell activation and skin infiltration [10, 16, 19, 21] . Differently from what observed at the early stages, we found that the progressive devolvement of psoriasis-like lesions and epidermal thickening, occurring after a number of days following consecutive IMQ treatments, is instead completely dependent on hematopoietic cell activation and cytokine production in a MyD88-dependent fashion. In line with these observations, the crucial role of MyD88 signaling in IMQ-induced production of IL-23 by DCs [20, 21] , which in turn, induces IL-17A and IL-22 production by gdT cells, has been described previously in this model [13, 19] . IL-17A and IL-22 are then involved in sustaining IL-36a production by keratinocytes [43] . Furthermore, IMQ can also directly induce IL-1a/b and IL-36a production by DCs in a MyD88-dependent manner [16] . Therefore, it is not surprising that at late stages of disease development, when activated immune cells infiltrate the inflamed skin, the contribution of cytokine production by DCs and gdT cells becomes more relevant to sustain disease progression. In this context, our data reveal, for the first time, a possible additional, important role in IMQ-induced psoriasis by MyD88 signaling occurring in monocytes and Mf, as required to sustain their production of IL-23 and IL-1b and the consequent proliferation and IL-17A production by gdT cells observed in vitro and in vivo. However, this impairment of MyD88 signaling in monocytes and Mf affected more significantly systemic and skin inflammation than epidermal thickening, which as highlighted before, is probably sustained by the normal production of IL-1a and IL-36a, observed even at later time points in IMQ-treated Myd88 fl/fl LysM-cre + mice. Our findings are supported by other studies in which a role of Mf in the IMQ-induced or in other mouse models of psoriasiform skin inflammation has been reported [22, [44] [45] [46] . In particular, the study by Morimura et al. [46] has shown that CX3CR1-deficient mice display reduced disease development in the IMQ model of psoriasis as a result of a reduced expansion and cytokine production of inflammatory cytokines by inflammatory Mf (classically activated). Likewise, the depletion of inflammatory monocytes by the use of anti-Gr1 (RB6-8C5) antibodies or the use of Ccr2 2/2 mice very recently has been shown to protect from IMQ-induced psoriasis development by reducing the number of monocyte-derived inflammatory DCs infiltrating in the skin and the production of inflammatory cytokines [22] . However, a similar protection from IMQ-induced psoriasis in Ccr2 2/2 mice was observed neither by us nor in the study by Sumida et al. [38] . These apparent discrepancies might be, at least in part, explained by the fact that the different models of monocytes/macrophage depletion used (e.g., use of Cxcr3 as it happens, for example, in Ccr2 2/2 mice, or by performing anti-Gr1 (RB6-8C5) depletion. Finally, our data exclude that in this IMQ-induced model of psoriasis, MyD88 signaling in neutrophils plays a role. This is in line with the poor responsiveness of neutrophils to IMQ [35] [36] [37] , as well as to a recent neutrophil-depletion model [22] . However, also, this issue needs to be elucidated further, as evidence that neutrophils promote IMQ-induced psoriasis also exists [38] . In sum, the findings reported in this study add new insights into the specific MyD88-dependent and -independent contribution of skin-resident stromal vs. hematopoietic cells to disease initiation and progression in the IMQ-induced mouse model of psoriasis. In particular, this study uncovers a potential role of monocytes/Mf as additional crucial cells promoting gd T cell effector functions and disease development in this experimental model. In view of the little knowledge currently existing on the role of monocytes/Mf in psoriatic patients, future studies should be aimed to clarify better whether these cells or their functions could represent additional therapeutic targets for psoriasis treatment.
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